Mesenchymal stem cells (MSCs) have been proposed as a potential therapeutic tool for Parkinson's disease (PD) and systemic administration of these cells has been tested in preclinical and clinical studies. However, no information on survival and actual capacity of MSCs to reach the brain has been provided. In this study, we evaluated homing of intraarterially infused rat MSCs (rMSCs) in the brain of rats bearing a 6-hydroxydopamine (6-OHDA)-induced lesion of the nigrostriatal tract, to establish whether the toxininduced damage is sufficient to grant MSC passage across the blood-brain barrier (BBB) or if a transient BBB disruption is necessary. The rMSC distribution in peripheral organs and the effects of cell infusion on neurodegenerative process and motor deficits were also investigated. rMSCs were infused 14 days after 6-OHDA injection. A hyperosmolar solution of mannitol was used to transiently permeabilize the BBB. Behavioral impairment was assessed by adjusting step test and response to apomorphine. Animals were sacrificed 7 and 28 days after cell infusion. Our work shows that appreciable delivery of rMSCs to the brain of 6-OHDA-lesioned animals can be obtained only after mannitol pretreatment. A notable percentage of infused cells accumulated in peripheral organs. Infusion of rMSCs did not modify the progression of 6-OHDA-induced damage or the motor impairment at the stepping test, but induced progressive normalization of the pathological response (contralateral turning) to apomorphine administration. These findings suggest that many aspects should be further investigated before considering any translation of MSC systemic administration into the clinical setting for PD treatment. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1-13
INTRODUCTION
Neurorestorative cell-based therapies have been repeatedly proposed for Parkinson's disease (PD) since the late 1980s, when the first striatal grafts of ventral mesencephalon dopaminergic cells were attempted in PD patients [1] [2] [3] [4] . More recently, stem cells have been proposed as a promising tool to achieve neurorestoration in the PD brain. Numerous studies have been conducted in PD animal models, with different stem cell types, including embryonic [5] [6] [7] or adult neural stem cells [8] , dopaminergic cells differentiated from fibroblast-derived inducible pluripotent stem (iPS) cells [9] [10] [11] and bone marrow-and adiposederived mesenchymal stem cells (MSCs) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Most of the cell types tested in PD models proved able, with variable degrees of efficiency, to counteract nigrostriatal neurodegeneration and associated [23] and show negligible oncogenic potential [24] [25] [26] [27] [28] . Compared with embryonic or iPS cells, MSCs are less prone to differentiate toward the neuronal phenotype; on the other hand, MSCs possess remarkable immunomodulatory, neurotrophic, and neurogenic properties [29] [30] [31] [32] [33] [34] .
MSCs are the only stem cells tested, so far, in patients with degenerative parkinsonism. Results have been published from two open-label studies in PD patients [35, 36] and two studies (an open-label and a double-blind, randomized clinical trial) in patients with multiple system atrophy (MSA), a form of atypical neurodegenerative parkinsonism characterized by multiple neuronal lesions [37, 38] . An additional open-label study was conducted in PD patients treated with bone marrow-derived hematopoietic (CD34+) cells [39] . In these studies, different routes of administration were tested. In fact, whereas in the studies of Venkataramana et al. [35, 36] , MSCs were stereotaxically injected into the lateral ventricles, in the other studies, a systemic (intra-arterial or intra-arterial plus intravenous) route was chosen [37] [38] [39] . These studies suggested that systemic administration of MSCs is safe and grants a modest reduction of disease severity and a delayed progression of neurological deficits. However, no information was provided on the survival of infused MSCs, efficiency of MSC homing within the brain, or invasion of peripheral organs by infused cells. Very little information on these aspects is available, even in experimental PD models.
The first aim of our study was to assess homing of intraarterially infused MSCs in the brain of rats bearing a 6-hydroxydopamine (6-OHDA)-induced lesion of nigrostriatal neurons, a classic toxic model of PD, to establish whether the toxin-induced damage is sufficient to grant MSCs passage across the blood-brain barrier (BBB) or if a transient BBB disruption is necessary. In fact, 6-OHDA injection into the nigrostriatal tract moderately increases BBB permeability at the sites of neuronal damage [40] ; analogously, in PD patients, slight BBB alterations may occur, particularly in the advanced stages of the disease [41, 42] , but whether these alterations are sufficient to let MSCs pass through the BBB is unknown. On the other hand, it is known that mannitol, an osmotic agent approved for use in humans, transiently disrupts the BBB and, for this reason, is used to improve delivery of chemotherapeutic agents to the brain in patients with cerebral tumors [43] . In rats with experimentally induced intracerebral hemorrhage [44] or traumatic brain injury [45] , pretreatment with mannitol substantially improved the passage of intraarterially infused bone marrow-derived stem cells into the brain parenchyma. In parallel to the cerebral distribution of MSCs after intracarotid infusion, we investigated the invasion of peripheral organs. Finally, we examined the effects of intraarterial infusion of MSCs on the progression of nigrostriatal degeneration and motor deficits induced by 6-OHDA injection.
MATERIALS AND METHODS

Animals
Male Wistar rats (200-225 g; Charles River, Calco, LC, Italy, http:// www.criver.com) were housed two per cage, at 20°C-22°C on a 12-hour light-dark cycle, with food and water ad libitum at the Centralized Animal Facility of the University of Pavia. All procedures were in accordance with the European Convention for Care and Use of Laboratory Animals and were approved by the local animal ethics committee of the University of Pavia.
Experimental Design
A first set of preliminary experiments was conducted to verify the efficacy of the transient, mannitol-induced BBB disruption procedure. To this purpose, 14 days after 6-OHDA intrastriatal injection, Evans Blue extravasation in the brain, a measure of BBB permeability, was evaluated in animals randomly assigned to pretreatment with mannitol or saline (four per group).
Following preliminary experiments, we evaluated: (a) the biodistribution of rat MSCs (rMSCs) after intracarotid infusion and (b) the effect of rMSC infusion on the progression of nigrostriatal degeneration and motor deficits induced by 6-OHDA injection. Fourteen days after 6-OHDA or saline (sham or unlesioned animals) intrastriatal injection, animals (eight per group) were randomly assigned to the following experimental groups: (a) intracarotid infusion of rMSCs preceded by transient BBB disruption; (b) intracarotid infusion of saline/heparin preceded by transient BBB disruption; and (c) intracarotid infusion of rMSCs in the absence of transient BBB disruption.
Behavioral tests were performed at different time points during the entire experimental period (as described below). Animals were then sacrificed 7 or 28 days after infusion of rMSCs or saline/ heparin (Fig. 1) .
The time of rMSC infusion was chosen according to the features of the PD model used in our study where the intrastriatal 6-OHDA injection causes a retrograde nigrostriatal degeneration that, at the 14th day, is still evolving, thereby resembling the slowly evolving nature of the nigrostriatal degeneration in human PD [46] .
Isolation, Culture, and Characterization of rMSCs
MSCs were isolated from bone marrow stromal cells collected from femurs and tibias of male Wistar rats 6-8 weeks old. Cell suspensions were filtered, then centrifuged for 7 minutes at 200g. Pellets were resuspended and cultured in complete growth medium (Dulbecco's Modified Eagle Medium containing 20% fetal bovine serum and 1% penicillin-streptomycin mixture) at 37°C, 90% humidity, and 5% carbon dioxide in air. When the colonies became evident, cells were detached with trypsin, counted, and plated (200,000 cells per T75 flask). After the third passage, cell surface markers were analyzed to determine purity of the rMSC population. Adherent cells were trypsinized, harvested, and incubated with Thy1, CD29, CD49e (positive), and CD11b, CD45 (negative) antibodies. The recommended isotype controls for each fluorochrome were also adopted (BioLegend, San Diego, CA, http://www.biolegend.com; Lifespan Bioscences, Seattle, WA, http://www.lsbio.com). After incubation, cells were washed with phosphate-buffered saline and analyzed on a Navios Flow Cytometer (Beckman Coulter, Miami, FL, http:// www.beckmancoulter.com) equipped with Kaluza software.
In parallel, immunocytochemistry was performed using a panel of positive (Thy1, CD29) and negative (CD11b, CD45) MSC markers. The following primary antibodies and dilutions were used in this study: rabbit anti-Thy1 (1:100; Abcam, Cambridge, U.K., http:// www.abcam.com), rabbit anti-CD29 (1:500; Millipore, Billerica, MA, http://www.emdmillipore.com), mouse anti-CD11b (1:300; Serotec, Oxford, U.K., http://www.abdserotec.com), and mouse anti-CD45 (1:100; Millipore). Negative immunofluorescent controls were performed using a mouse IgG or a rabbit IgG (Millipore) instead of the primary antibody.
Surgical Procedures 6-OHDA Stereotaxic Injection
Animals were anesthetized by i.p. administration of 50 mg/kg of sodium-thiopental and placed in a stereotaxic frame (Stoelting, Wood Dale, IL, http://www.stoeltingco.com). They received an injection of 6-OHDA (20 mg per 3 ml in saline containing 0.02% ascorbic acid) (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich. com) or saline into the right striatum (1.0 mm anterior, 3.0 mm lateral, and 5.0 mm ventral with respect to bregma and dura) [47] at 1 ml/min, using a Hamilton 10-AL syringe with a 26-gauge needle.
Carotid Artery Surgery
Animals were anesthetized using Equithesin (3.6 ml/kg, i.p.) [48] and kept at 37°C with a heating pad during all surgical procedures (HB 101/2 RS; 2Biological Instruments, Varese, Italy, http://www. 2biol.com). A catheter (PE-50 tubing, internal diameter: 0.58 mm; 2Biological Instruments) was inserted into the external carotid artery and gently advanced toward the bifurcation to reach the internal carotid artery (ICA). The catheter was secured with vascular clips (Micro-Serrefine; 2Biological Instruments) and used for the infusions of mannitol and/or rMSCs. A catheter was also placed into the right jugular vein of the subgroup of animals used for BBB permeability assessment.
Transient Blood-Brain Barrier Disruption
A BBB opening was achieved by infusing a hyperosmolar solution of mannitol (25%) into the ICA; the procedure increases vascular permeability with a peak at 5 minutes postinfusion [49, 50] . The mannitol solution was heated to 37°C before infusion, to prevent crystallization, and infused at a constant rate of 0.12 ml/s for 30 seconds [51] .
Evans Blue Extravasation
To verify BBB permeability following hypertonic mannitol infusion, Evans Blue staining was performed in a subgroup of animals, according to the protocol described by Blanchette and Fortin [51] . Briefly, 2% Evans Blue solution (4 ml/kg), dissolved in 50% saline/50% heparin (600 IU/ml), was administered via the right jugular vein, 5 minutes before mannitol. Fifteen minutes later, animals were perfused by intracardiac infusion of 4% paraformaldehyde. Brains were removed and cut into 2-mm thick coronal slabs, using a brain matrix. Coronal slabs were postfixed for 48 hours and scanned to evaluate the extension of BBB permeabilization, as indicated by the Evans Blue staining, by using ImageJ software (US National Institutes of Health, Bethesda, MD, http://imagej.nih.gov/ij). The stained volume was expressed as a percentage of the total volume of the ipsilateral hemisphere.
Rat MSC Labeling and Infusion
Fourteen days after the stereotaxic injections, 1 3 10 6 rMSCs were labeled, resuspended in 100 ml of 50% saline/50% heparin (600 IU/ml), and injected into the right ICA 4 minutes after the injection of mannitol or saline/heparin. Two dyes were used for cell labeling: a membrane-intercalating dye emitting in the near-IR 815-nm spectrum (CellVue NIR815 Kit for Membrane Labeling; Polyscience, Warrington, PA, http://www.polysciences.com) [52, 53] and lipophilic red fluorescence dye PKH26 (PKH26 Red Fluorescent Cell Linker Kits; Sigma-Aldrich) [54] [55] [56] [57] .
Behavioral Analyses Adjusting Step Test
Forelimb akinesia associated with 6-OHDA-induced nigrostriatal damage was assessed using the adjusting step test. Following the original procedure described by Ollson et al. [58] , the number of steps performed with the left paw (contralateral to the lesion side) was counted, both in the backhand and forehand directions, to adjust for the lateral movement imposed by the experimenter. Rats were evaluated the week before surgery, to accustom the animals to human manipulation (training phase) and to obtain a basal value. Postlesion testing, starting 1 day after the 6-OHDA/saline injection, was performed until the day of sacrifice, with the exception of the day after carotid surgery, to avoid further distress to animals. Each test consisted of three evaluations per day, performed three times per week.
Turning Behavior
Before being sacrificed, animals were tested with apomorphine (0.5 mg⁄kg in 0.1% ascorbic acid, i.p.; Sigma-Aldrich) to evaluate whether rMSC infusion modified the rotational response to this drug-a classic method to test dopaminergic denervation in rodents with unilateral nigrostriatal lesion. The number of complete turns performed by the animals in 45 minutes was measured with an automated rotometer (Ugo Basile, Comeria, VA, Italy, http://www.ugobasile.com). Figure 1 . Experimental design. Fourteen days after stereotaxic injection of 6-OHDA into the striatum, animals had undergone rMSCs or saline/ heparin infusion, preceded by transient blood-brain barrier (BBB) disruption procedure. Animals were sacrificed 7 or 28 days after infusion of cells (or saline/heparin). Stepping and apomorphine tests were performed during the entire course of the experiments and the day of the animal sacrifice, respectively. Abbreviations: 6-OHDA, 6-hydroxydopamine; BBB, blood-brain barrier; rMSC, rat mesenchymal stem cell.
Sacrifice and Ex Vivo Near-IR Imaging
Seven and 28 days after infusion of rMSCs or saline/heparin, animals were sacrificed by a lethal injection of sodium pentobarbital and perfused transcardially with cold saline solution followed by 4% paraformaldehyde. Brain and peripheral organs (lungs, spleen, liver, and kidneys) were excised and underwent near-IR (NIR) imaging using the Odyssey imager (Li-Cor Biosciences, Lincoln, NE, http://www.licor.com) to evaluate whole-body rMSC distribution.
Rat MSC Tracking in the Brain
Serial coronal sections (25 mm) of the brain were cut using a freezing sliding microtome (SM 2000R; Leica, Milan, Italy, http://www.leica-microsystems.com), mounted on slides, and dried at room temperature in the dark. Sections were then covered with Prolong with 4',6-diamidino-2-phenylindole (DAPI; Life Technologies, Grand Island, NY, http://www.lifetechnologies. com) and observed under a fluorescent Zeiss Apotome microscope (Carl Zeiss, Jena, Germany, http://www.zeiss.com). Rat MSCs, coexpressing NIR815 and PKH26, were counted in every four sections extending from 0.70 to 11.60 mm from bregma, in both hemispheres. Results represent the estimated absolute number of the rMSCs engrafted into the brain. The percentage of infused cells localized in the striatum and substantia nigra was also reported.
Immunohistochemical Analyses
Tyrosine hydroxylase (TH) immunohistochemical staining was performed on 40-mm free-floating sections to verify the loss of dopaminergic terminals and cell bodies in the striatum and substantia nigra pars compacta (SNc), respectively, as previously described [46] . The striatal dopaminergic terminal lesion was evaluated by considering the striatal volume deprived of TH staining. Briefly, both the entire striatal area and the nonlesioned area were measured in every fourth section throughout the whole rostrocaudal extension of the striatum (anteroposterior anatomical levels: +1.7-2.30 mm, with respect to bregma [47] ). Respective volumes were obtained by summing areas and multiplying them by the intersectional distance (100 mm); results were expressed as the percentage of striatal volume displaying TH immunoreactivity with respect to the entire striatal volume. TH-positive cells in the SNc of both hemispheres were counted using stereological analysis (as described below).
Striatal c-Fos expression was detected by immunohistochemistry, as described previously [59] . C-Fos-positive cells of both lesioned and intact striatum were counted in five sections per animal and results were expressed as mean number of c-Fospositive cells per mm 2 . The "lesioned/nonlesioned side ratio" of striatal c-Fos expression was reported.
Stereological Count
Unbiased stereological count of dopaminergic cells in the SNc was made using the optical fractionator method [60] from the STEREO INVESTIGATOR program on a Neurolucida computer-controlled microscopy system (MBF Bioscience Inc., Williston, VT, http:// www.mbfbioscience.com). TH-positive cells in the SNc of both lesioned and intact hemispheres were counted in every fourth section on comparable sections for all the subgroups of treatment, throughout the entire nucleus to evaluate neuronal survival.
Image Analysis
Immunohistochemical images were acquired with Zeiss Apotome and AxioVision software (Carl Zeiss). To visualize the near-IR signal, the microscope was further equipped with a Xenon arc lamps (N XBO 75; Carl Zeiss) and a filter for IR dye 800 (Chroma Technology Corp., Rockingham, VT, https://www.chroma.com).
Statistical Analysis
Comparisons between groups were carried out using the nonparametric Kruskal-Wallis test for evaluating differences in engraftment and the analysis of variance, followed by Tukey and Bonferroni post hoc tests for estimating variations of c-Fos expression and effects of rMSC infusion on behavioral analyses, respectively. A dedicated software (Prism 3 software; GraphPad Software, La Jolla, CA, http://www.graphpad.com) was used. The minimum level of statistical significance was set at p , .05.
RESULTS
Characterization of rMSCs
Flow cytometric analysis demonstrated that rMSCs were positive (.90%) for Thy1, CD29, and CD49e, and negative (,10%) for CD11b and CD45 (supplemental online Fig. 1A ). Immunofluorescent labeling showed that rMSCs were positive for Thy1 and CD29, and negative for CD11b and CD45 (supplemental online Fig. 1B) .
Effect of Mannitol on BBB Permeability
No Evans Blue extravasation was seen in the brain of 6-OHDA animals that did not receive mannitol ( Fig. 2A) . Conversely, after mannitol infusion, BBB permeability increased in the right hemisphere of 6-OHDA animals, as demonstrated by extravasation of plasma albumin bound to Evans Blue dye (Fig. 2B) . Evans Blue staining extended along the entire rostrocaudal axis of the brain, with the exception of the cerebellum, and was visible in both cortical and subcortical areas, including the striatum. Quantitative analysis revealed a 42% increase in BBB permeability in the right hemisphere of rats pretreated with mannitol (Fig. 2C) .
Effect of rMSC Infusion on Forelimb Akinesia
One week after the intrastriatal injection of 6-OHDA, all lesioned animals showed a marked decrease in the number of steps made by the paw contralateral to the lesioned hemisphere, compared with baseline values (Fig. 3A) . Such decrease was not modified by rMSC infusion. Cell infusion per se had no effect on motor performance in unlesioned animals.
Effect of rMSC Infusion on Apomorphine-Induced Rotational Behavior and Striatal c-Fos Expression
Lesioned animals that received saline/heparin instead of rMSCs showed significant rotational response to apomorphine, contralateral to the lesioned side, at 1 and 4 weeks after the infusion procedure (Fig. 3B) . Conversely, the contralateral rotational response was completely abolished in the lesioned animals that received the rMSCs infusion. In fact, these animals showed a moderate, yet significant, ipsilateral rotational response to apomorphine at the first week postinfusion; at the fourth week, even this ipsilateral rotational response to apomorphine subsided.
sham animals that received rMSCs did not show any relevant rotational response to apomorphine injection.
The rotational response to apomorphine of lesioned animals that did not receive rMSCs was associated with marked c-Fos expression in the denervated striatum and a low number of c-Fos-positive nuclei in the intact striatum (supplemental online Fig. 2) . In lesioned rats that received the rMSC infusion, disappearance of the apomorphine-induced contralateral turning was associated with a remarkable increase in c-Fos expression in the intact striatum, while the number of c-Fos-positive nuclei in the denervated striatum remained unmodified. Sham animals that received rMSCs displayed a negligible number of c-Fos-positive nuclei in the striatum of both sides after apomorphine. Overall, we observed that the lesioned/ nonlesioned side ratio of striatal c-Fos expression was significantly reduced in 6-OHDA-lesioned rats receiving rMSCs compared with untreated animals.
Analysis of 6-OHDA-Induced Lesions
TH immunohistochemistry revealed that the intracarotid infusion of rMSCs did not affect the course of the 6-OHDA-induced neurodegeneration, either 1 or 4 weeks after the treatment. In fact, similar levels of survival of striatal TH-positive terminals (Fig. 4A, 4B ) and SNc cell bodies (Fig. 4C-4E) were found in rMSC-treated and rMSC-untreated animals. Infusion of rMSCs per se did not alter 
Distribution of Infused rMSCs
No notable NIR signal (bright green) was detected after rMSC administration in the brains of 6-OHDA animals that did not receive mannitol infusion (Fig. 5A) . Conversely, after mannitol pretreatment, a speckled near-infrared 815-nm (NIR815)-positive signal (Fig. 5B, arrowhead) was visible within the brain parenchyma, ipsilateral to the intracarotid infusion, indicating the presence of rMSCs 7 days after infusion. A quenched NIR signal was still observable 28 days following cell administration (data not shown). Animals that did not receive rMSCs did not show any fluorescent labeling (Fig. 5C) .
No relevant differences in the peripheral distribution of rMSCs were found between 7 and 28 days after infusion; therefore, the results discussed below are typical of both time points. Substantial NIR fluorescence was detected in the lungs and spleen of 6-OHDA rats receiving rMSCs, both with (Fig. 5B) and without (Fig. 5A ) mannitol pretreatment. Conversely, a bright green signal was totally absent in the liver and kidneys (data not shown). No NIR signal was detected in peripheral organs of animals that did not receive the rMSC infusion (Fig. 5C) . Figure 3 . Effect of rMSC infusion on motor deficits and apomorphine-induced rotational behavior. (A): All 6-OHDA animals exhibited a decline in motor performance after the lesion. The infusion of rMSCs did not improve the motor deficits induced by 6-OHDA injection. Cell infusion per se had no effect on motor performance in sham animals. Results (mean 6 SEM) indicate the average number of adjusting steps of the contralateral paw in the "forehand step" direction, carried out by animals during the 6 weeks of behavioral testing. Two-way ANOVA (time) F = 7.754, p , .0001, (treatment) F = 160.0, p , .0001; ppp, p , .001 Bonferroni post hoc test versus sham/mannitol/rMSCs (weeks 1-6, for both 6-OHDA groups). (B): Lesioned animals that did not receive rMSC transplantation exhibited a remarkable contralateral behavior after apomorphine administration, both 1 and 4 weeks after infusion procedure. Conversely, moderate ipsilateral turning in response to dopaminergic stimulation was observed in the group that received rMSCs 7 days after rMSC administration; no rotational response was observed 28 days post-rMSC infusion. No turning behavior was detected in unlesioned, transplanted animals. Bars represent the mean (6 SEM) number of total net rotations (contralateral minus ipsilateral rotations) performed by the animals in 45 minutes. Two-way ANOVA (time) F = 0.9739, p = .3316; (treatment) F = 70.72, p , .0001; Bonferroni post hoc test (7 and 28 days after rMSCs infusion). p, p , .05, ppp, p , .001 versus sham/mannitol/rMSCs;°°°, p , .001 versus 6-OHDA/mannitol. Abbreviations: 6-OHDA, 6-hydroxydopamine; ANOVA, analysis of variance; rMSC, rat mesenchymal stem cell; SHAM, unlesioned.
Distribution of Infused rMSCs in the Brain
Co-labeling with CellVue NIR815 (green signal) and PKH26 (red signal) allowed us to map the distribution of infused rMSCs in the brain (supplemental online Fig. 3 ). In the absence of mannitol pretreatment, only a paltry amount (Fig. 6A ) of infused rMSCs were found in the brain. The number of infused cells was significantly higher in the presence of mannitol pretreatment, at 7 days postinfusion, deploying along the entire rostrocaudal axis and remaining substantially stable at the 28th day (Fig. 6A) . Infused rMSCs spread to both hemispheres, although they tended to preferentially localize in the right hemisphere, ipsilaterally to the intracarotid infusion (Fig. 6B, 6C ). This tendency was particularly evident at the seventh day postinfusion, when cells were mainly localized in the cortical areas of the right hemisphere (Fig. 7) , confirming the speckled NIR fluorescent signal shown by ex vivo analysis. Differently, in the left hemisphere, rMSCs were mostly distributed in the subcortical regions and across the corpus callosum. Microscopic analysis of midbrain and hindbrain regions indicated a scattered distribution of infused rMSCs in these brain areas. This pattern of cell distribution was substantially maintained also at 28 days postinfusion, although an increase in the percentage of rMSCs localizing within the striatum and SNc, compared with day 7, was observed (Fig. 6C) .
It is noteworthy that at 7 days after infusion, the infused cells were mainly found in blood vessels, whereas only rare cells were located in the brain parenchyma. Many rMSCs in blood vessels had a fusiform shape and tended to adhere to the wall of the vessel, suggesting a cell attempt to transmigrate into the parenchyma [61] . Accordingly, at 28 days after infusion, the great majority of rMSCs were found in the brain parenchyma.
DISCUSSION
Bone marrow-derived MSCs, or hematopoietic stem cells, are the only stem cells tested so far in patients with typical [35, 36, 39] or atypical degenerative parkinsonism [37, 38] . Modest beneficial effects on symptoms and disease progression have been reported, but crucial questions have remained unanswered. In particular, since MSCs were infused systemically in most cases, whether cells actually reached the brain parenchyma and engrafted at injured sites, to exert their therapeutic effects, remained an open issue.
To address this issue, we investigated the fate of rMSCs following intracarotid infusion in a 6-OHDA animal model of PD. Since crossing the BBB is crucial for the potential application of MSCs in treating neurological diseases, the rMSC infusion was performed with and without pretreatment with mannitol, a BBB permeabilizing agent, to verify if transient BBB opening could improve cell delivery to the brain. The distribution of infused cells to peripheral organs was also examined, as this aspect should be taken into consideration, as well, with a view to therapeutic application in humans. We also investigated the effects of intraarterial infusion of rMSCs on the progression of nigrostriatal degeneration and motor deficits induced by 6-OHDA injection.
Effects of Mannitol on rMSC Delivery to the Brain
Mannitol is used in clinical practice for the management of intracranial hypertension [62] and to maximize the delivery of chemotherapeutic agents to the brain in the treatment of patients with cerebral tumors [43] , thanks to its permeabilizing effect on the BBB. In our study, pretreatment with hyperosmolar mannitol substantially increased passage of infused rMSCs into the brain parenchyma, thereby confirming the results obtained in animal models of traumatic brain injury [45] and intracerebral hemorrhage [44] .
Cell Distribution After Intracarotid Infusion
Numerous in vivo studies have shown that MSCs could migrate to injured, inflamed tissues from blood [63, 64] , possibly in response to chemokines, cytokines, and growth factors released at the site of injury [61, 65] . In animal models of stroke, infused cells were mainly distributed in the ischemic hemisphere and were concentrated around the infarct region [66] [67] [68] . In our animals, rMSCs were scattered along the rostrocaudal brain axis; localization at the lesion sites (i.e., striatum and SNc) was limited, although it tended to increase over time. Infused rMSCs tended to preferentially localize in the hemisphere ipsilateral to the intracarotid infusion, but they were also found in the contralateral hemisphere, where their concentration increased at the later stage. This may suggest that the tendency of rMSCs to concentrate in the lesioned hemisphere was more likely due to the mannitol-induced transient BBB opening in this side rather than to a chemotactic attraction exerted by lesion. The distribution pattern was similar to that observed in animal models of stroke following local or systemic administration of MSCs [68, 69] and reflects the migratory ability of these cells. The presence of rMSC clusters along the corpus callosum-a preferential migration In the animals pretreated with mannitol, infused rMSCs spread to both hemispheres, although they preferentially localized in the hemisphere ipsilateral to the intracarotid infusion. This tendency was more evident at 7 days after infusion, and slightly reduced over time. Bar graphs show the distribution of cells within striatum and substantia nigra in both hemispheres; both the estimated absolute number and the percentage of engrafted cells with respect of total cells infused (in brackets) were reported. p, p , .05 Kruskal-Wallis test versus W/O mannitol infusion. Abbreviations: 6-OHDA, 6-hydroxydopamine; rMSC, rat mesenchymal stem cell; W/O, without.
route of stem cells [70] [71] [72] -in the short term after infusion further confirms this observation.
At day 7 postinfusion, we detected rMSCs mainly in cerebral blood vessels. The persistence of MSCs within blood vessels, even several days after the infusion, has already been reported [69, 73] . Although the homing mechanism is still incompletely understood, to leave the bloodstream, MSCs may use the same sequential mechanism adopted by lymphocytes and hematopoietic stem cells, which roll along the vascular endothelium and, at some point, encounter chemokine-activated integrins that prompt arrest of the cells and their subsequent transendothelial migration [74] . Therefore, the predominant presence of rMSCs within blood vessels at day 7 postinfusion could be the step that precedes their transmigration through the vessel wall. This hypothesis is supported by the increasing localization of infused cells in the brain parenchyma, rather than in the blood circulation, detectable at day 28 postinfusion.
A striking finding of our study was the remarkable rMSC accumulation in peripheral organs. We were expecting the intraarterial route of administration to favor brain penetration of MSCs and substantially reduce their accumulation within filtering organs (i.e., lungs, liver, spleen) compared with intravenous delivery [75, 76] . However, we detected a strong rMSC signal in the lungs and spleen up to 28 days after infusion. We cannot exclude that this may be a temporary condition, especially for lung entrapment. Indeed, studies using intravenous MSC administration showed that, after an initial concentration in the lungs, the injected cells could gradually migrate to sites of injury [76] [77] [78] .
Effects of rMSC Infusion on 6-OHDA-Induced Neurodegeneration and Motor Deficits
In most studies conducted in experimental PD models, MSCs were directly injected into the nigrostriatal system. These studies showed positive effects in terms of neuroprotection and improvement of motor deficits [13, 15, 17] , even if several of these works used genetically modified or neural-induced MSCs [79] [80] [81] [82] . We have previously demonstrated that striatal grafts of undifferentiated human MSCs increase the survival of cell bodies and terminals of dopaminergic nigrostriatal neurons, coupled with a reduction of the apomorphine-induced turning behavior associated with the lesion [14] . In the present study, however, intracarotid infusion of rMSCs did not affect the progression of 6-OHDA-induced neurodegeneration, nor was forelimb akinesia improved, as assessed by the stepping test. One possible, and obvious, explanation for this discrepancy is that the number of cells reaching the brain-and the injury sites, in particular-may have been too small to exert a neuroprotective effect. Indeed, although pretreatment with mannitol significantly enhanced rMSC delivery into the brain, cell concentration at the injury sites was still incomparably smaller than the concentration achieved with the intracerebral graft.
An unexpected result, given the inefficacy of the intracarotid infusion of rMSC on the nigrostriatal lesion and forelimb akinesia induced by 6-OHDA, was the striking modification of the apomorphine-induced turning behavior. Contralateral turning Figure 7 . Central distribution of rat mesenchymal stem cells (rMSCs) in the intrastriatal 6-hydroxydopamine rat model. Tissue sections of the brain were examined under a fluorescent microscope for tracking cell distribution along the entire rostrocaudal axis, in both hemispheres. The figure shows a graphical representation of cell distribution in the animal group pretreated with mannitol, at 7 days after rMSC infusion. Infused rMSCs showed a scattered arrangement in both hemispheres, with a prevailing tendency to localize in the hemisphere ipsilateral to the intracarotid infusion, especially in the forebrain. Red signal, PKH26; bright green signal, NIR815; blue signal, DAPI. Scale bar: 20 mm. Abbreviation: DAPI, 4',6-diamidino-2-phenylindole; NIR815, near-infrared 815-nm spectrum.
in response to apomorphine administration is classically considered an index of striatal dopaminergic denervation in rodents with unilateral nigrostriatal lesion. This motor behavior was abolished in the animals that received the rMSCs infusion, being substituted by moderate ipsilateral turning at the first week postinfusion and totally disappearing at the fourth week. This was the most puzzling finding of this study. The loss of striatal dopamine caused by 6-OHDA triggers supersensitivity of striatal dopaminergic receptors within the denervated striatum; this mechanism is responsible for the asymmetrical response to the dopamine agonist apomorphine, which ultimately forces the animal to rotate contralaterally to the lesioned hemisphere [83] . Dopaminergic stimulation triggers the expression of c-Fos, a marker of neuronal activation, in striatal neurons of rats bearing a nigrostriatal lesion [84] . Accordingly, the rotational response to apomorphine observed in untreated lesioned animals was associated with more c-Fos-positive neurons within the denervated striatum and negligible c-Fos expression in the intact striatum. Interestingly, disappearance of the turning behavior in rMSC-treated lesioned animals, at the fourth week postinfusion, was associated with increased c-Fos expression in the intact striatum, while no changes were detected in the lesioned side. Therefore, it appears that, rather than affecting the dopaminergic supersensitivity of striatal neurons of the lesioned side, cell treatment enhanced the response to apomorphine in the intact side. This may have translated in restoration of the functional balance between the two striata, causing disappearance of the rotational behavior.
A potential explanation for this phenomenon may involve the recognized ability of rMSCs to secrete regulatory and trophic factors. Brain-derived neurotrophic factor (BDNF), in particular, is constitutively synthesized and released by MSCs, which maintain this ability after transplantation [14, 29, 85, 86] . BDNF is a key regulator of neural circuit function and is involved in the modulation of synaptic function by changing either the efficacy of presynaptic transmitter release or the magnitude of postsynaptic responses [87] . The biological effects of BDNF are primarily mediated by TrkB receptors, which are abundantly expressed in striatal neurons. McGinty et al. [88] suggested a functional interaction between the intracellular signaling cascades activated by dopamine D1 and TrkB receptors in these neurons, which would influence the behavioral and neurochemical responses to dopaminergic stimulation. Therefore, as we observed substantial migration of rMSCs to the unlesioned hemisphere, it is possible that BDNF released from rMSCs enhanced the response to apomorphine in the intact striatum. The absence of such effect in the lesioned side may be due to the fact that the responsiveness of striatal neurons was already saturated, due to the dopaminergic supersensitvity. This is in keeping with the data reported by Berg et al. [13] , who detected increased levels of BDNF mRNA in the intact hemisphere, but not in the lesioned one, of 6-OHDA injected rats that had received intranigral transplantation of adherent MSCs isolated from human adipose tissue; also in this case, no reversal of 6-OHDA-induced neurotoxicity was observed, while turning behavior was reduced. Moreover, adenoviral-mediated expression of BDNF in the substantia nigra and striatum of 6-OHDA-lesioned animals improved rotational behavior without exerting actual neuroprotective effects. This discrepancy was attributed to the fact that higher BDNF levels were probably required to protect nigrostriatal neurons [89, 90] . Analogously, it is likely that the low number of rMSCs reaching the injury sites following intracarotid infusion may release BDNF at levels that are sufficient to interfere with dopaminergic transmission, but not to exert neurorestorative effects. Finally, regarding the apparent discrepancy regarding the inefficacy of rMSC infusion on forelimb akinesia (stepping test), previous studies have pointed out that rotational behavior and skilled movements are differently affected in rats bearing a 6-OHDA-induced lesion of the nigrostriatal tract [91] [92] [93] [94] , implying that treatments reducing turning behavior will not necessarily lead to parallel improvements in skilled motor function.
CONCLUSION
Our work shows that appreciable delivery of rMSCs to the brain of 6-OHDA-lesioned animals can be obtained only after mannitol pretreatment, indicating that the use of a permeabilizing agent is essential to allow passage of rMSCs across the BBB. A notable percentage of infused cells accumulated in the peripheral organs. Infusion of rMSCs did not modify the progression of 6-OHDA-induced damage in the striatum or SNc, but profoundly affected the behavioral stereotypies triggered by apomorphine. This suggests that arterially infused MSCs may induce functional compensatory changes in the nigrostriatal system by modulating the responsiveness of striatal neurons to dopaminergic stimulation. Future investigations should further explore this capability of MSCs, while neuroprotective or neurorestorative effects, at least under these experimental conditions, can be excluded.
